Although numerous physiological studies have addressed the interactions between brassinosteroids and auxins, little is known about the underlying molecular mechanisms. Using an Affymetrix GeneChip representing approximately 8,300 Arabidopsis genes, we studied comprehensive transcript profiles over 24 h in response to indole-3-acetic acid (IAA) and brassinolide (BL). We identified 409 genes as BL inducible, 276 genes as IAA inducible, and 637 genes in total. These two hormones regulated only 48 genes in common, suggesting that most of the actions of each hormone are mediated by gene expression that is unique to each. IAA-up-regulated genes were enriched in genes regulated in common. They were induced quickly by IAA and more slowly by BL, suggesting divergent physiological roles. Many were early auxin-inducible genes and their homologs, namely SAUR, GH3, and IAA. The comprehensive comparison also identified IAA-and BL-specific genes, which should help to elucidate the specific actions of each hormone. The identified genes were classified using hierarchical clustering based on the similarity of their responses to the two hormones. Gene classification also allowed us to analyze the frequency of cis-elements. The TGTCTC element, a core element of the previously reported auxin response element, was not enriched in genes specifically regulated by IAA but was enriched in the 59-flanking region of genes up-regulated by both IAA and BL. Such gene classification should be useful for predicting the functions of unknown genes, to understand the roles of these two hormones, and the promoter analysis should provide insight into the interaction of transcriptional regulation by the two hormones.
Auxins play critical roles in the major growth responses during plant development. At the cellular level, auxin acts as a signal for division, expansion, and differentiation throughout the plant life cycle. At the level of the whole plant, auxin plays an important role in root formation, apical dominance, the tropic response, and senescence. By contrast, less attention has been directed to brassinosteroids (BRs) since Grove et al. (1979) isolated the first BR, brassinolide (BL), from oilseed rape (canola [Brassica napus]) in 1979. BRs promote stem elongation and inhibit root elongation in various plant species. Nevertheless, only a small number of researchers accepted the hormonal status of BRs before BR mutants were discovered (Clouse, 1996 (Clouse, , 1997 (Clouse, , 2002 because BRs have activity similar to that of other plant hormones, especially auxins. BRs also interact synergistically with auxin in hypocotyl elongation in several plant species (for review, see Sasse, 1999) and in ethylene production (Arteca et al., 1988) . Several authors have proposed that BR-induced effects are mediated via auxin, with BR treatment altering the levels of endogenous auxin or enhancing the sensitivity to auxin (Mandava, 1988; Sasse, 1999) . Although numerous physiological studies have addressed the interactions between BRs and auxins, little is known about the underlying molecular mechanisms. Clouse and colleagues made extensive comparisons of the physiological effects of BRs and auxins and conducted molecular analyses of auxininducible genes and auxin-insensitive mutants in soybean (Glycine max), tomato (Lycopersicon esculentum), and Arabidopsis. In soybean and tomato, members of the small auxin up RNAs (SAUR) and GH3 gene families are not induced rapidly during BRpromoted cell expansion but are induced by BR subsequently, even after the beginning of cell elongation, with different kinetics than those induced by auxin treatment (Clouse et al., 1992; Zurek et al., 1994) . Mass spectrometry analysis of the free indole-3-acetic acid (IAA) levels in BR-treated tissues showed that the free IAA levels decreased in BR-treated soybean epicotyls (Zurek et al., 1994) . It was concluded that BR does not stimulate SAUR gene transcription via increased IAA levels. The auxin-insensitive tomato mutant dgt (Zurek et al., 1994) and the Arabidopsis mutant axr1-3 (Clouse et al., 1993) are sensitive to BR. Several studies have concluded that auxin signaling pathways are unlikely to mediate the promotion of cell elongation in soybean and tomato by BR or the inhibition of root elongation in Arabidopsis by BR (Clouse et al., 1992 (Clouse et al., , 1993 Zurek et al., 1994) . Conversely, McKay et al. (1994) reported that IAA levels are reduced in the youngest internodes of the pea (Pisum sativum) BR-insensitive mutant lka and the BR-deficient mutant lkb (Nomura et al., 1997) as compared with the wild type (WT) using mass spectrometry. This suggested that the endogenous BRs might increase the endogenous IAA content. Therefore, the mechanism of the interaction of these two hormones is still controversial.
The microarray technique is a powerful tool for obtaining an overview of hormone actions using inducible genes as molecular markers. Recently, several microarray studies have examined auxin-and BR-regulated genes. Tian et al. (2002) showed how SHY2/IAA3 affects the expression of auxin-related genes using IAA or mock-treated WT and shy2 mutants and identified 100 auxin-regulated genes 2 h after IAA treatment. We identified IAA-responsive genes at 15 min (Sawa et al., 2002) and suggested that auxin signals are mediated by a set of diverse transcription factors. BR-responsive genes have also been examined in comprehensive studies of BR-regulated genes in CPD antisense, dwf1-6 (Mü ssig et al., 2002), det2, and bri1 ) mutants shortly after BR treatment or in comparison with WT plants. These genes have also been studied in the characterization of bes1-D, which shows constitutive BR response phenotypes (Yin et al., 2002a) . Interestingly, all three reports revealed quick up-regulation of the early auxin-inducible genes in response to BR and indicated overlap of auxin-and BR-regulated genes. By contrast, BRs did not induce all of the early auxin-inducible genes within 3 h , and it was not clear whether these BR-insensitive auxin-responsive genes (referred to here as auxin-specific genes) are induced subsequently with BR treatment or vice versa (i.e. auxininsensitive BR-response genes [referred to here as BR-specific genes] are induced subsequently with auxin treatment). To our knowledge, no study has attempted to compare the genes responding to these two hormones comprehensively or the comprehensive time-course response to either of these hormones. To reveal the relationship between auxin and BR actions, we studied the time course of auxin-and BR-regulated genes using an Affymetrix GeneChip representing 8,300 Arabidopsis genes. The results allowed the most comprehensive comparison of auxin-and BR-responsive gene expression to date under the same experimental conditions. This paper presents the kinetics of the auxin and BR responses using responsive genes as molecular markers, revealing the common and distinct actions of these two hormones.
RESULTS AND DISCUSSION

Identification of IAA-Regulated or BR-Regulated Genes
Previously, we showed that BR-regulated genes generally respond to BL in a similar fashion in the WT and a BR-deficient mutant, det2, but that the det2 response to BL is stronger than that of the WT . Consequently, we used det2 here and exposed plants to 10 nM BL for up to 24 h to identify BL-regulated genes. Conversely, we exposed WT (Colombia) Arabidopsis to 1 mM IAA for up to 24 h to identify IAA-regulated genes. Transcript abundance was then compared with the mock-treated samples at each time point using the Affymetrix Arabidopsis Genome Array, which represents about 8,300 genes. Hybridization was performed with biotin-labeled cRNA samples prepared from different plant samples in independent hormone-treatment experiments. The signal log ratio (SLR), which is the ratio of the hybridization signals of mock-and hormone-treated plants on a log scale (base 2), was calculated using Affymetrix Microarray Suite (MAS) version 5.0 software. An SLR of 1, for example, indicates a 2-fold increase in the transcript level, and ÿ1 indicates a 2-fold decrease. We extracted genes with expression ratios greater than 2 (i.e. SLR \ ÿ1 or SLR [ 1) as compared with the mock treatment at each time point. We also used Detection and Change values calculated with MAS to exclude false-positive signals resulting from cross-hybridization or noise. Considering SLR and these two parameters, genes that were reproducibly regulated by BL or IAA in independent experiments were identified as BL-or IAA-regulated genes, respectively. These genes were divided into three groups: genes specifically regulated by IAA (Table I) , genes specifically regulated by BL (Table II) , and genes regulated by both BL and IAA (Table III) . They are listed with the mean and SE of SLR both before and after signal amplification with phycoerythrin-streptavidin (Supplemental Tables I-III; available at www.plantphysiol.org). We classified genes that responded to hormone treatment within 3 h as early inducible genes (including moderate genes) and those responding after 3 h as late inducible genes. The genes were further classified by the direction (up and down) and time (early, late, or both) of their response. Consequently, we extracted 409 BL-inducible genes, 276 IAA-inducible genes, and 637 genes in total.
Overview and Comparison of IAA and BL Induction
The expression profiles of the time-course experiments with the IAA or BL treatments were analyzed by hierarchical clustering (Eisen et al., 1998 ) using 637 BL-or IAA-regulated genes (listed in Tables I-III) . The expression levels are indicated using color (Fig. 1A) . The dendrogram represents the relationships between genes based on the similarity of their responses to the two hormones. In the dendrogram, the genes are roughly clustered into four groups (from left to right in Fig. 1A ): those up-regulated by IAA (groups A-C), down-regulated by BL (groups D-G), down-regulated by IAA (groups G-I), and up-regulated by BL (groups I-N). The classification in Tables I to III is shown at the bottom of Figure 1A (red, green, and yellow). This classification is not necessarily consistent with the classification using the hierarchical clustering since the genes were classified in the tables using the criteria described above, whereas in the clustergram they were 
Putative classified using similarity in their gene expression patterns (described in ''Materials and Methods''). For example, group H included IAA-down-and BL-upregulated genes. Most of them are listed as genes specifically regulated by IAA in Table I because their response to BL was less than 2 based on the SLR or was not significant based on the results of the MAS version 5 analysis. The most remarkable finding was that the majority of the genes regulated by both BL and IAA (listed in Table III ; shown in yellow in the bottom line of Fig. 1A ) were included in the cluster of IAA-upregulated genes, and they were especially enriched in group B. Interestingly, these genes were up-regulated by BL.
This clustergram represented the general trend of BL-and IAA-regulated genes well, i.e. IAA induction was quicker than BL induction for both up-and downregulated genes. IAA-regulated genes were detected within 15 min, as we reported previously (Sawa et al., 2002) , and the number of IAA-regulated genes peaked at 12 h (data not shown). By contrast, no genes responded in a reproducible manner to BL in 15 min, as we reported previously , and the number of BL-regulated genes increased continuously over time (Fig. 1A) . The difference in induction speed with BL and IAA treatment is also conserved in the genes regulated by both BL and IAA. The lag period for BL-induced gene expression may be due to the time needed to induce auxin biosynthesis or to activate auxin sensitivity. If this is the case, the gene expression pattern in response to BL, especially at early time points, may be similar to the IAA response. To test this hypothesis, the relationship between the gene expression patterns at each time point of the BL and IAA treatments was hierarchically calculated using data on the expression of the 637 genes listed in Tables I to III. The dendrogram indicated that the BL and IAA treatments clustered independently (Fig. 2) . In each cluster of the BL and IAA treatments, the continuous experiments were related vicinally. These results suggested that BL and IAA treatments induce gene expression independently. Consistent with this finding, only 48 genes (8%) were regulated by both BL and IAA (Table III) ; the majority of BL-and IAA-inducible genes are regulated by BL or IAA independently. These results suggest that BL regulates plant growth using a set of genes that is independent from IAA for most of its response.
To overview the functional overlap and divergence of BL-and IAA-inducible genes, the genes were classified into 10 categories based on their established or putative functions. The frequencies of BL-and IAAinducible genes are shown in Figure 1 , B to E (the categories are indicated in Fig. 1, D and E) . The largest group of early down-regulated BL genes were P450 genes (Fig. 1C) , while relatively few P450 genes were in IAA-regulated genes (Fig. 1B) . BL induced more signal transduction-related genes (49 genes, 13.9%), especially at the late stage, than did IAA (17 genes, 4.7%; Fig. 1 , C compared with B). IAA induced 17 transcription factor genes (12.7%) at 30 min, consistent with our previous report at 15 min (Sawa et al., 2002) , whereas BL induced only one gene (1.9%) at the same time. These results may also reflect the different modes of action in the BL and IAA signal transduction systems. There were fewer down-regulated genes than up-regulated genes in both hormone treatments.
Regulation of the SAUR, GH3, and IAA Gene Families Genes that are induced by auxins within minutes of treatment are referred to as early auxin-inducible genes, and they form three major gene families, namely SAUR, GH3, and IAA (Hagen and Guilfoyle, 2002; Liscum and Reed, 2002) . The SAUR, GH3, and IAA genes predominated in IAA-up-regulated genes, both early and late (Fig. 1B) . This is consistent with previous DNA-microarray studies of IAA-inducible genes studied at early times (Sawa et al., 2002; Tian et al., 2002) . These genes also predominated in BL-upregulated genes (Fig. 1C) . Interestingly, these families are relatively more enriched in genes regulated by both BL and IAA (Fig. 1, E compared with D) . Previously, we showed that BL treatment induced a member from each gene family (SAUR-AC1, GH3-homolog BRU6, and IAA3/SHY2) after a lag period of 30 to 60 min . This comprehensive study also demonstrated that most genes in this category regulated by both IAA and BL are regulated quickly by IAA but more slowly by BL (Fig. 3A) . A possible mechanism for the difference in induction speed is discussed below. The difference in induction speed between the two hormones suggests that auxin regulates rapid physiological responses, such as tropic responses, whereas BR regulates slower physiological responses, such as developmental regulation and more gradual responses to the environment. Of the three gene families, the SAUR genes had the strongest BL responses (SLR [ 3) in the BL treatment (Fig. 3B, red lines) . By contrast, the GH3 and IAA genes had the strongest IAA responses (Fig. 3B , green and blue lines, respectively). This complementary inducibility may be related to the synergism between BR and auxin. The expression of SAUR genes correlates well with auxin-induced elongation Guilfoyle, 1987, 1989; Gee et al., 1991) , although their functions are still unclear. Yang and Poovaiah (2000) demonstrated that the amino-terminal domain of SAUR proteins binds to calmodulin in maize (Zea mays), soybean, and Arabidopsis. Very recently, we demonstrated that the expression of SAUR-AC1 correlates well with BR-mediated elongation and that it is regulated by BRs independently of the endogenous auxin levels (Nakamura et al., 2003b) . These findings, together with our finding that a number of genes encoding calcium-binding protein are regulated by BL or IAA (Tables I-III), suggest that the calcium and calmodulin system is an important target for studying BR and auxin signal interaction.
In this study, we also identified GH3 and IAA genes: IAA specifically regulated eight genes (AtGH3-1 and 5, and IAA1, 2, 6, 7, 11, and 13); BL specifically regulated three genes (AtGH3-10, IAA15, and IAA17/AXR3); and both BL and IAA regulated six genes (AtGH3-2 and 3, and IAA3, 5, 19, and 26). The IAA17/AXR3 gene, an auxin-inducible gene (Ouellet et al., 2001 ), was not identified as an IAA-responsive gene since its response to IAA was below the threshold (SLR ¼ 0.7). Mutants in members of these gene families exhibit phenotypes with insensitivity to auxin and other hormones, as well as defects in light signaling and photomorphogenesis (Hagen and Guilfoyle, 2002; Liscum and Reed, 2002; Swarup et al., 2002) . By contrast, we found that BL-induced IAA genes in a manner independent of the endogenous IAA level (Nakamura et al., 2003a) . These findings suggest that IAA and GH3 genes are important cross talk points in BR, auxin, light, and other signaling pathways.
Regulation of Genes Involved in Cell Expansion or Cell Wall Organization
The regulation of tissue elongation is an important function of both BR and auxin. Synergistic interactions between BR and auxin occur in elongating tissues and cells in dicots (Yopp et al., 1981; Cohen and Meudt, 1983; Katsumi 1985; Sala and Sala, 1985) and monocots (Yopp et al., 1981; Takeno and Pharis, 1982) , including bending responses. Tissue elongation or cell expansion is considered an important response for understanding interactions between auxins and BR, but the molecular mechanisms by which they interact and regulate plant tissue elongation are poorly understood. Xu et al. (1995) reported that the Arabidopsis TCH4 gene, which encodes a xyloglucan endotransglycosylase, was induced quickly by IAA but rather slowly by BL. We have also reported that potential cell wall-related genes (TCH4, AtExp8, and KCS1) are induced quickly by IAA but slowly by BL, and that BL regulates a number of cell wall-related genes .
Here, we identified at least 100 genes potentially involved in cell wall organization as IAA or BL regulated. These genes include those encoding cell wall synthesis enzymes, cell wall modifying agents, cell wall component proteins, and wall rigidification and wax-related proteins and included all the functional subcategories necessary for the completion of cell wall organization. This revealed the global manner by which these hormones regulate cell wall-related genes. We observed overlap and divergence of IAA and BL in regulating the genes involved in cell wall organization and cell elongation. Genes in this category are mainly early BL-up-regulated genes (Figs. 4A, green lines, and 1C) and not early IAA-upregulated genes (Figs. 4A, red lines, and 1B) . The majority of BL-regulated genes were up-regulated, and only five were down-regulated, whereas the numbers of IAA genes up-and down-regulated were comparable (Fig. 4A ). Some members (e.g. b-1,3-glucanase, chitinase, peroxidase, and Leu-rich repeat proteins with or without extensin region) in this category are annotated as pathogen-related or disease resistance-related genes in a database based on their research history. However, we classified them as cell wall-related genes since recent studies have revealed that these genes are involved in multiple biological processes (Baumberger et al., 2001; Hrmova and Fincher, 2001; Passarinho and deVries, 2002; Yoshida et al., 2003) . Since many genes await characterization to understand cell wall biogenesis and cell expansion, the genes listed and classified in Tables I to III should prove useful for identifying novel cell wall-related genes and further understanding cell wall biogenesis. The majority (81%) of this gene category was composed of cell wall modifying agents, including xyloglucan endotransglucosylase/hydrolases (XTH), glucanase, polygalacturonase, pectin esterase, expansin, extensin, and chitinase. The most abundant crosslinking glycan in the primary cell wall of dicots is xyloglucan, which is thought to play an essential role in cell wall loosening and cell expansion. There are 33 XTH genes in the Arabidopsis genome (for review, see Rose et al., 2002) , and they are classified into three major phylogenetic groups (Yokoyama and Nishitani, 2001) . We found that 11 of them were regulated by IAA or BL. Interestingly, most of them belonged to group 1 or group 2. By contrast, only one exception (AtXHT33) belonged to group 3, although all the members of group 3 were represented on the array. This trend was reproduced in our whole-genome array experiments (H. Goda and Y. Shimada, unpublished data) . Interestingly, members of groups 1 and 2 mediate transglucosylation between xyloglucans (Nishitani and Tominaga, 1992; Xu et al. 1996) , while members of group 3 catalyze xyloglucan endohydrolysis (Fanutti et al., 1993) . The responses of XTH genes in our data are consistent with previous studies of IAA regulation (Xu et al., 1995 (Xu et al., , 1996 Sawa et al., 2002) and BR regulation (Xu et al., 1995 (Xu et al., , 1996 Goda et al., 2002) , except that some minor responses differed from those in a report by Yokoyama and Nishitani (2001) . Although the reason is unclear at present, one possible explanation is that minor responses may depend on the experimental conditions, such as growth or hormonetreatment conditions. Auxin response elements (AuxREs), which consist of a TGTCTC sequence and an adjacent or overlapping coupling element, were defined based on the auxinresponsive promoter of the soybean GH3 gene (Liu et al., 1994; Ulmasov et al., 1995) . Gain-of-function experiments with minimal promoter-GUS (b-glucuronidase) reporter genes have shown that a single copy of an AuxRE is sufficient to confer auxin responsiveness to reporter genes (Ulmasov et al., 1995) . DR5, an artificial AuxRE containing the TGTCTC element, has increased auxin responsiveness (Ulmasov et al., 1997) . The GUS reporter gene fused to a minimal cauliflower mosaic virus 35S promoter and the DR5 AuxRE has been used widely as a marker to monitor the distribution of endogenous IAA, as it has been suggested that the resulting GUS activity coincides with this distribution (Sabatini et al., 1999; Casimiro et al., 2001 ).
As we found that a number of the early auxininducible genes are induced in response to BL treatment, we tested the frequency of BL-inducible genes possessing the TGTCTC element in the 59-flanking region. The 8,300 genes represented on the Arabidopsis Genome Array corresponded to 7,388 independent loci in the Arabidopsis genome. The numbers of IAA-and BL-regulated genes containing the TGTCTC element or its inverse (GAGACA) were counted and are given as a proportion of the 7,388 genes ( Fig. 5) . At least one TGTCTC element exists 59 upstream from the start codon within 1,000 bp of 1,817 genes (25%) or within 500 bp of 1,071 genes (14%). Similarly, the inverse element, GAGACA, exists within 1,000 bp of 1,640 genes (22%) or within 500 bp of 863 genes (12%). Surprisingly, the TGTCTC element was most frequent for genes regulated by both IAA and BL, rather than in genes up-regulated specifically by IAA (Fig. 5) . The frequency of genes with multiple TGTCTC elements was also highest in these genes. This is consistent with our recent finding that BL treatment induces the DR5-GUS gene in Arabidopsis (Nakamura et al., 2003a) . We also demonstrated that the early auxin-inducible genes IAA3, GH3-2/BRU6, SAUR-AC1 Nakamura et al., 2003b) , IAA5, and IAA19 (Nakamura et al., 2003a) are induced with similar kinetics to the DR5-GUS gene in Arabidopsis, namely they are quickly and transiently induced by IAA and gradually and continuously induced by BL. Furthermore, BL induces SAUR-AC1 (Nakamura et al., 2003b) , IAA5, IAA19, and DR5-GUS (Nakamura et al., 2003a) in a manner independent of the endogenous auxin levels. Consequently, we speculate that genes up-regulated by both BL and IAA are regulated by a common cis-regulatory element, which includes TGTCTC. Interestingly, the frequency of genes having the TGTCTC element was lower in genes downregulated by both BL and IAA, although as there were only seven such genes, this result could be due to an artifact. However, this trend was also observed in early BL-down-regulated genes, late BL-down-regulated genes, and late IAA-down-regulated genes (data not shown). Furthermore, the inverse element (CGCACA) Figure 3 . Induction kinetics of SAUR, GH3, and IAA genes. Transcript abundance of IAA-or BL-regulated SAUR, GH3, and IAA genes relative to mock-treated samples is given in SLR values. The data are given as the means of three or two independent hormone-treated plant samples. A, Colored according to hormone inducibility: regulated by IAA (red), BL (green), or both (yellow). Some genes that were induced more than 2-fold in both treatments were classified as being regulated by one hormone if the induction with the other hormone was not significant based on the results of the MAS (version 5) analysis. B, SAUR, GH3, and AUX/IAA family genes are shown in red, yellow, and blue, respectively. The value at 0 h is a theoretical value (0) and is not based on experimental results. was not enriched in genes up-regulated by both IAA and BL but was enriched in genes down-regulated by both (Fig. 5) , even though it is generally believed that the inverse element has the same function as the orthodromic element. This trend was also observed in early BL-down-regulated genes (data not shown). These findings will be useful for future studies to understand the roles of TGTCTC and the inverse element in BR-and auxin-regulated gene expression, as well as to identify novel cis-regulatory elements that are specific to BL or IAA regulation and to elements involved in down-regulation.
Other Interactions between BR and Auxin
We found the following responses, which may be important to further understanding auxin/BR interactions. Three genes potentially involved in signal transduction pathway were newly identified here as being induced by both BL and IAA: a homolog (At2g30040) of the brassinosteroid-insensitive 2 kinase gene (BIN2; Choe et al., 2002; Li and Nam, 2002; PerezPerez et al., 2002) , At4g27280 encoding calcineurin B-like protein, and At1g74650 encoding a putative transcription factor (Myb-like). We previously reported Figure 4 . Regulation of genes involved in cell expansion or cell wall organization. A, The induction kinetics of genes involved in cell expansion or cell wall organization. Transcript abundance of IAA-or BL-regulated genes in this category relative to mock-treated samples is shown as SLR values. Genes regulated by IAA, BL, or both are shown in red, green, or yellow, respectively. The data are shown as the means of three or two independent hormone-treatment experiments. Some genes induced more than 2-fold by both hormone treatments were classified as specifically regulated by one hormone if induction with the other hormone was not significant based on the results of the MAS (version 5) analysis. The value at 0 h is a theoretical value (0) and is not based on experimental results. B, Regulation of XTH genes by IAA or BL. A phylogenetic tree of the Arabidopsis XTH gene family was generated using ClustalW and TreeViewPPC software based on the deduced amino acid sequences of all 33 Arabidopsis XTH genes. Genes from groups 1, 2, and 3 are shown with pink, green, and violet lines, respectively. The color coding of the letters is as follows: genes up-regulated by both IAA and BL (red letters); IAA-up-and BL-down-regulated genes (yellow); IAA-down-regulated genes (green); BL-up-regulated genes (orange); and genes not regulated by either IAA or BL (black). Genes not represented on the Affymetrix Arabidopsis Genome Array are shown in small letters. Figure 5 . Frequencies of genes with TGTCTC or GAGACA elements in the 59-flanking region of IAA-or BL-regulated genes. The numbers of genes containing TGTCTC or its inverse element (GAGACA) in the 59-flanking region (up to ÿ500 or ÿ1,000 bp) were calculated using GeneSpring. The frequencies of genes with these elements are given as a proportion of the 7,388 independent loci represented in the Arabidopsis Genome Array (about 8,300 genes corresponding to 7,388 independent loci). a, TGTCTC (ÿ1,000 bp); b, TGTCTC (ÿ500 bp); c, GAGACA (ÿ1,000 bp); d, GAGACA (ÿ500 bp). The shading in each bar indicates the ratios of the genes containing one, two, or three and more elements.
that PIN7, a homolog of the PIN1 and PIN2 genes for putative auxin-efflux carrier proteins Muller et al., 1998) , was repressed by BL treatment . This response was confirmed here. BRI1 is a critical component of the BR receptor (Wang et al., 2001) . Three genes encode BRI1-like proteins in Arabidopsis: BRL1, BRL2, and BRL3. BRL1 and BRL3 are reported to bind BL (Yin et al., 2002b) . In this study, BRL3 (At3g13380) was upregulated in response to IAA treatment later on. Conversely, we observed that BAS1/CYP72B1, which encodes an enzyme that inactivates BRs (Neff et al., 1999) , was increased by IAA treatment later on. These results suggest that auxin regulates BR signaling and catabolism.
As described above, P450 genes constituted the largest group of early BL-down-regulated genes (Fig.  1C) , while relatively few P450 genes were IAAregulated genes, perhaps because a number of P450 genes are involved in BR biosynthesis and catabolism (Fujioka and Yokota, 2003) . Conversely, none of the genes involved in auxin metabolism were identified here as IAA regulated. BAK1 encodes the Leu-rich repeat receptor-like kinase belonging to the Leu-rich repeat receptor kinase II and X family (http:// plantsp.sdsc.edu/plantsp/family/class). Overexpression of the BAK1 gene leads to a phenotype reminiscent of the BRI1-overexpression transgenic plant, and BAK1 protein interacts with BRI1 in vivo and in vitro Nam and Li, 2002) . We found that a BAK1 homolog (At2g13790), the gene most closely related to BAK1 in the Leu-rich repeat receptor-like kinase gene family of Arabidopsis, was induced by BL treatment at a later time point. It will be interesting to test whether the At2g13790 gene functions in the BR signaling.
Cross Talk with Other Plant Hormone Signaling
Earlier studies reported that IAA and BR exhibit cross talk with other plant hormones. In Arabidopsis, BL induced the OPR1 or OPR3 (Mü ssig et al., 2000) genes encoding 12-oxophytodienoic acid 10,11-reductase involved in jasmonate biosynthesis (Biesgen and Weiler, 1999) . BL also induced the GA 20-oxidase gene (AtGA20ox1; Bouquin et al., 2001) . IAA treatment induced the 1-aminocyclopropane-1-carboxylate (ACC) synthase gene (ACS; Abel et al., 1995) . These hormone cross talk responses observed previously in Arabidopsis were confirmed here. In addition, BL induction of ACS has been reported in mung bean (Vigna radiata; Yi et al., 1999) . Auxin regulation of the GA20ox gene has been well studied in the pea (Van Huizen et al., 1997; Ngo et al., 2002; O'Neill and Ross, 2002) . These responses found in other species were confirmed here in Arabidopsis for the first time, to our knowledge. Namely, BL induced AtACS4, and IAA induced AtGA20ox1. In addition, we found that BL induced AtGA2ox8, which encodes GA-inactivating enzyme (Schomburg et al., 2003) . IAA repressed the cytokinin oxidase gene (CKX4), which encodes an enzyme that inactivates cytokinin (Bilyeu et al., 2001) . These novel findings could be clues to unravel complex phytohormone cross talk and plant signaling networks.
CONCLUSIONS
To our knowledge, this is the first comprehensive expression profiling study of either auxin or BR over time. In addition, this is, to our knowledge, the first report to investigate the relationship between the actions of auxin and BR using a comprehensive expression profiling approach. The time course experiment revealed overlap and divergence between the actions of these two hormones. We identified 637 genes regulated by IAA or BL. Of these, 48 were regulated by both IAA and BL. Most BR actions are mediated by the induction of genes that are independent of the auxin response. The SAUR, GH3, and IAA gene families were the largest group of genes regulated by both IAA and BL. A number of the early auxin-inducible genes are not specifically regulated by auxin, but are regulated by these two hormones in common. Conversely, this study revealed true auxin-specific and BR-specific genes. This classification of genes is important for understanding the functional divergence and interaction of auxin and BR. A previously reported TGTCTC element in AuxRE was not enriched in genes specifically regulated by IAA but was enriched in genes up-regulated by both BL and IAA. This observation is consistent with our previous findings that a synthetic AuxRE, DR5, responded to both IAA and BL with kinetics similar to those of IAA or SAUR genes, independent of the endogenous auxin level (Nakamura et al., 2003a (Nakamura et al., , 2003b . Therefore, the DR5-GUS reporter system is not specific to auxin action, but is an important marker for studying the BR/auxin interaction. About 30% of IAA-or BL-regulated genes were classified in an unknown category. A classification based on expression analysis will be useful for elucidating the functions of these genes and should provide insight into the activities of auxin and BR. For example, since all known BR-biosynthetic genes were classified in group E, this group may include genes that are important for BR biosynthesis and action.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Arabidopsis ecotype Colombia (Col-0) was used as the WT in this study. The Arabidopsis mutant det2-1 (Chory et al., 1991) was used as a BR-deficient mutant. Seedlings were grown for 7 d at 228C under continuous light in halfstrength Murashige and Skoog (1962) liquid medium (Gibco BRL, Cleveland) supplemented with 1.5% (w/v) sucrose. The seedlings were then treated with 1 mM IAA or 10 nM BL or mock treated with dimethyl sulfoxide (final concentration 0.1%). Then, they were immediately frozen in liquid nitrogen and stored at ÿ808C until RNA isolation.
